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Integrated field spectroscopy of E+A (post-starburst) galaxies with 
the Kyoto3DII 
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ABSTRACT 

We have performed a two-dimensional spectroscopy of three nearby E+A (post-starburst) 
galaxies with the Kyoto3DII integral field spectrograph. In all the cases, H6 absorption is 
stronger at the centre of the galaxies, but significantly extended in a few kpc scale. For one 
galaxy (J 1656), we found a close companion galaxy at the same redshift. The galaxy turned 
out to be a star-forming galaxy with a strong emission in H7. For the other two galaxies, we 
have found that the central post-starburst regions possibly extend toward the direction of the 
tidal tails. Our results are consistent with the merger/interaction origin of E+A galaxies, where 
the infalling-gas possibly caused by a galaxy-galaxy merging creates a central-starburst, suc- 
ceeded by a post-starburst (E+A) phase once the gas is depleted. 

Key words: galaxies: evolution, galaxies:interactions, galaxiesistarburst, galaxies:peculiar, 
galaxies:formation 



1 INTRODUCTION 

Galaxies with strong Balmer absorption lines without any emis- 
sion in [Oil] nor Ha are called E+A galaxies. The existence 
of strong Balmer absorption lines shows that E+A ga laxies 
have experienced starburst recently (within a gigayear; iGotd 
l2004h . However, these galaxies do not show any sign of on- 
going star formation as non-detection in the [Oil] emission line 
indicates. Therefore, E+A galaxies have been interpreted as 
post-starburst galaxies, that is, a galaxy which t runcated sta rburst 
suddenly foressler & Gunn 1983, 1992; Couc h & Sharplesll 198 



Couch etal.1 Il998l: IPressler et all Il999l; IPoggianti et alj 1 19991; 



Tran et alj |2003| ; iDressler et all |2004| ; iTran et alj l2004h . There- 
fore a cluster specific phenomenon such as the ram-pressure 
stripping was thought to be responsibl e for the violent star 
formation hi st ory o f E+A galaxies dSpitzer & Baadd 
i Gunn&Gotll Il972l: [Farouki &Shapirol Il980l; iKentI 
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Recent study found that E+A galaxies have a-element 

excess lOoto 2007a), which also supported the post-starburst 
interpretation of E+A galaxies. However, the reason why they 
started starburst, and why they abruptly stopped starburst remain 
one of the mysteries in the galaxy evolution. 

At first, E+A galaxi es are found in clus t er regions, espe- 
cially a t highe r redshift dSharples et al.l 1 198^; iLaver v & Henry 
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'Dressier & Gunn 1983; Abadi, Moore, & Bower 1999; Fujita et 
J999 ; Qtiilis, Moore , & Bower 2 000; Fujit a, Takizawa, & Sarazi 
I2OO3I ; iBekki & Couch 2003 ; Fuj ita & Goto|[2004ft . 

However, iBlake et aL (,2004h found that low redshift E+A 
galaxies are located predominantly in the field environment, sug- 
gesting that a physical mechanism that works in the field reg ion is 
at least partly responsible for these E+A galaxies. Recently, iGotd 
l l2005bl) has shown that E+A galaxies have more close compan- 
ion galaxies than average galaxies, showing that the dynamical 
merger/interaction could be the physical origin of field E+A galax- 
ies. Dynamically disturbed morphologies of E+A galaxies a lso sup- 
port this scenario jLiu et al .l200d ; lYamauchi & GotolioO^ To rec- 
oncile the situation, independent evidence on the origin of E+A 
galaxies has been waited. 

Previous work mentioned above has been focused on the in- 
vestigation of the global/external prop erties of E+A galaxies, such 
as the environment of E+A galaxieslGotdl20 05bh. and t he inte- 
grated spectra of the E+A galaxies ( Dressier et al.l I2OO4I) . How- 
ever, if the physical origin of E+A galaxies is merger/interaction or 
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gas-stripping, these mechanisms should leave traces to the spatial 
distribution of stellar-populations in E-l-A galaxies. For example, a 
centrally-concentrated post-starburst region is expected to be found 
in ca se of the merger/interaction origin(e.g., B arnes & Hernquisj 
Il992h . In contrast, the gas-stripping would create a more uniform, 
galaxy-wide post-starburst region. Thus, the spatial-distribution of 
the post-starburst region inside the E-l-A galaxy contains important 
and i ndependent c lues on the physical ori gin of E-l-A galaxies (e.g., 
IPracv etal. 20d3 : rSwinbanketaT]|2005t) . In this work, we try to 
obtain such independent hints on the origin of E-l-A galaxies by 
revealing internal structure of E-l-A galaxies using the Kyoto3DII 
integrated field spectrograph (IFS). We perform spatially-resolved 
spectroscopy of three nearby E-l-A galaxies with the Kyoto-3DII 
IFS. By revealing the spatial distribution of H5 absorption, we aim 
to obtain an independent evidence to shed light on the physical ori- 
gin of E-l-A galaxies. 

Unless otherwise stated, we adopt the WMAP cosmology: 
{h, ^m,^L) = (0.71, 0.27, 0.73) teennett et alj|2003h . 



2 SAMPLE SELECTION 

We select our target E-l-A galaxies from lOotd i2005bl. l2007bl) . 
which presented a catalog of 564 E-l-A galaxies based on 
the ^670,000 galaxy spectra o f the Sloan Digital Sky Survey 
jAdelman-McCarthv et alj|2006h . 

Briefly, the 564 E-l-A galaxies satisfy the following criteria: 

• H5 EW > 4^3 

• [Oil] EW > -2.5A 

• Ha EW > -3.0A 

Note that the line measurement was performed on the spec- 
tra through the SDSS fiber spectrograph with the diameter of three 
arcsec. The use of H5 line is preferred over other hydrogen Balmer 
lines (e.g., H(", He, H7, H/3) since the line is isolated from other 
emission and absorption lines, as well as strong continuum features 
in the galaxy spectrum (e.g., D4000). Furthermore, the lower order 
Balmer lines (H7 and H/3) can suffer from significant emission- 
filling, while the higher order lines (He and HQ have a low signal- 
to-noise in spectra. We stress that our criteria of H5 equivalent 
width (EW) > 4A is a very strong one compared with previous 
work. Thus, we can select strong post-starburst galaxies, which pre- 
vious work with a smaller population were not able to find. 

Out of the 564 E-l-A galaxies, we have observed three as de- 
scribed in Section[3l 



3 OBSERVATION 

Observations were carried out on the nights of July 20,21 
and 22nd with the Kyoto tridimensional spectrograph II 
(Kyoto3DII)-Integral field spectrograph (IFS) l lSugai et alj|2004 
L2OO6, 2007) attached to the University of Hawaii 88inch (2.2 me- 
ter) telescope (UH88). Unfortunately, no useful data were taken 
on the 22nd due to the heavy cloud. The Kyoto3DII is a multi- 
mode spectrograph with four observational modes: Fabry-Perot im- 
ager, integral field spectrograph (IFS), filter-imaging modes, and 
slit spectroscopy. When attached to the UH88, the IFS has the field 
of view of ~ 14" X 1 6" with the pixel-scale is 0.43'7pix. We used the 

^ Absorption lines have a positive sign throughout this paper. 



No. 2 grism and the No. 2 filter which cover the wavelength range 
of 42OO-52OOA with the resolution of R ~ 1200. 

Among the 564 E-l-A galaxies described in Section (2] we ob- 
served three targets which had a bright magnitude, an appropriate 
redshift to measure H5 line, and good visibility on the observing 
dates. We present the basic properties of the three targets in table[T] 
where measured quantities such as positions, redshift, magnitudes 
in g and r, and Petrosian radius are taken from the SDSS catalog. 
Here, i?9o is the radius within which 90% of the r-band Petrosian 
flux is contained. Magnitudes are de-reddened (for the Galactic ex- 
tinction) Petrosian AB-magnitude in g and r-band. In the panel (a) 
of Figures [Tl4l we show the g, r, i-composite images of the three 
targets. J1656 has a possible companion galaxy to the east. J2337 
has a tidal tail from north-west to south-east. 

The average seeing was ~1.4 arcsec on both nights based on 
the PSF measured with standard stars. The seeing size corresponds 
to ~3 lenslets, which are smaller than the spatial scale we probe 
in Section |4l Exposure time was 2.5-5 hours per target depend- 
ing on the target visibility. Data reduction was carried out using 
the ml a IRAF package for Kyoto3DII (Kawai et al. in prep.)Q 
which takes care of the shift due to the atmospheric dispersion 
(Filippenko 1982), and that between the exposures in addition to 
the basic reduction. We also observed standard stars BD-l-253941 
and BD-l-284211 for flux calibration. A He-Hg lamp was used for 
wavelength calibration. The Kyoto3DII has a separate fields of 
view (2.5' away from the ta rget on the UH88) for the simultaneous 
sky subtraction jSugai et al . 2006). During our observation, how- 
ever, there was slight additional light (suspected sky gradient due 
to the moon shine) in the sky lenslets. Therefore, we used ~100 
lenslets in the targets area (but well away from the target) for the 
sky subtraction. 



4 RESULTS 

4.1 SDSSJ210258.87+103300.6 

We show the image of SDSSJ210258.87-I-103300.6 reconstructed 
from the whole light through the IFS (4200-5200A) in the panel 
(b) of Figure[T] Overplotted circles are with the radii of 1.5,3,4.5 
and 6 lenslet. 

In the panel (c), we show the image constructed using only 
the light through US wavelength (4086-41 lOA to be exact). To see 
the difference, we take the ratio of US to all the wavelength in the 
panel (d). See Appendix lAl for the details in estimating the ratio 
when both components have large uncertainty. Because US is an 
absorption line, it appears darker when stronger. We checked that 
this method returned a uniform image (ratio) for a standard star (see 
Appendix IBI for details). In the panel (d), the centre of the galaxy 
is slightly darker with a little extension to the right, showing that 
US absorption may be concentrated around the galaxy centre. Note 
that the pixel values are meaningless outside of the galaxy, where 
no signal is present other than the noise. It is quite striking that the 
distribution of the post-starburst phenomena (with strong H^ ab- 
sorption) is mapped out in two-dimension. The figure demonstrates 
the ability of the IFS observation to disentangle spacial and spectral 
information. 

The trend becomes clearer in the spectrum. In the panel (e) 
of Figure [T] we show the spectra of the central 1.5 lenslet radius 
region, and annuli of 1.5-3, 3-4.5, 4.5-6 lenslets regions of J2102 

^ http://smoka.nao. ac . jp/ about/subaru . j sp 
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Table 1. Target properties 



Object 


Redshift 


9AB 


r-AB 


Petrosian Radius (arcsec) in r 


exposure time (sec) 


Observing date (HST) 


Mr 


SDSSJ210258.87+103300.6 


0.093 


16.14 


15.37 


5.15 


3600x5 


July, 20, 2005 


-23.00 


SDSSJ165648.64+3 14702.3 


0.100 


17.73 


16.72 


2.32 


3600x2+1800 


July, 21,2005 


-21.74 


SDSSJ233712.76-105800.3 


0.078 


16.02 


15.31 


5.45 


3600x3 


July, 21,2005 


-22.47 



from top to the bottom. The spectra are shifted to the rest-frame 
and smoothed using a 5-pixel box. The spectrum from the outer- 
most annulus (4.5-6 lenslets of radius) is approaching to zero and 
not reliable. In the panel (e), it is noted that H5 and H7 absorptions 
become deeper towards the centre of the galaxy. To quantify this, 
we have measured H<5 and H7 EW in these spectr a using the flux 
summing method described in iGoto et alJ l l2003ch . Results are in 
the panel (f) of Figure[T] where H5 EWs are plotted with diamonds 
and H7 EWs are with triangles. H5 EW is the strongest at the cen- 
tre, but remains strong as far as -^3 kpc away. Note that the seeing 
size is ~3 lenslets, and smaller than the extension of the strong H5 
absorption. H7 EWs are not so strong as H(5, but show a similar 
trend. 



4.2 SDSSJ165648.64-1-314702.3 

In the panel (b) of Figure |2l we show the image of 
SDSSJ165648.64-I-3 14702.3 reconstructed using the light in all 
wavelength (4200-5200A). This galaxy, J1656, has a possible 
nearby companion galaxy to the west as shown in panel (a). The 
companion candidate is clearly detected in the panel (b) through 
the IFS. 

In the panel (c), we show the image in the YiS wavelength 
(4086-41 14A). In the panel (d), we show the ratio of H5 (panel c) to 
the continuum (panel b). See AppendixlAlfor the details in estimat- 
ing the ratio when both components have large uncertainty. Inter- 
estingly, in the lower-right galaxy, the strong H5 absorption (darker 
in the image) is concentrated around the centre of the galaxy. There 
is no obvious trend on H5 for the upper-left galaxy. 

In the panel (e) of Figure |2] we show the spectra of the cen- 
tral 1.5 lenslet radius region, and annuli of 1.5-3, 3-4.5 lenslet re- 
gions of the upper-left galaxy from top to the bottom. We did not 
use the 4.5-6 lenslets of radius due to the smaller galaxy size. The 
spectra are shifted to the rest-frame and smoothed using a 5-pixel 
box. Although the spectra are noisier, we recognize the same trend 
as J2101 in Figure [T] i.e., both H5 and H7 absorptions become 
stronger with decreasing radius. The trend is confirmed in the panel 
(f), where we show EWs of H5 and H7 as a function of radius (from 
the galaxy centre). H5 EW is as large as SA at the centre, confirm- 
ing our target selection of E-l-A galaxies. The H<5 EWs stay strong 
as far as ~3 kpc. H7 EWs are also strong at 0-3kpc annuli. Note 
that since the innermost spectrum is affected by a strong noise at 
~4300A, we use bluer wavelength range (4260-4280A) by hand in 
determining the continuum for H7 EW. These results suggest that 
the post-starburst region in E-l-A galaxies are extended to a few kpc 
of radius, and do not seem to be limited to the nuclear of the galaxy. 

In the panel (a) of Figure [3] we show the image in the H7 
wavelength (4318-4354A). In contrast to the panel (d) of Figure 
[2I the upper-left galaxy is much brighter in the H7 wavelength. 
In the panel (b) of Figure [3] we take the ratio of H7 to all the 
wavelength (See Appendix |A]f or the details of the procedure). The 
trend is clearer, suggesting that the upper-left galaxy might have 
H7 in emission. In the panel (c), we show spectrum of the upper- 



left galaxy. As previous spectra, the spectra shown are from the 
central 1.5 lenslet radius region, and annuli of 1.5-3, 3-4.5 lenslet 
regions centred on the upper-left galaxy. The redshift of this galaxy 
turned out to be the same as the E-l-A galaxy in the lower-right 
(z=0. 100). Thus, we have confirmed that this galaxy is a physically- 
associated companion galaxy, not a chance projection. Interest- 
ingly, this galaxy has an emission in H7 (EW~-18.0A), suggesting 
that this galaxy is a star-forming galaxy. H7 emission of EW=- 
18. OA is rather strong, and this galaxy may be called as a starburst 
galaxy. 

It has be en suggested that the galaxy merger might create E-l-A 
galaxies (e.g., lGotoll2005bl) . Having a close companion at the same 
redshift, this E-l-A galaxy, J 1656, is a real example produced by the 
galaxy-galaxy merger with the upper-left companion. At the same 
time, J1656 presents an interesting example where the companion 
galaxy is not necessary an E-l-A galaxy, even though it involves 
with the same galaxy merger. This example suggests that not only 
a merger but an additional condition is required to produce an E-l-A 
galaxy. Only a few spectroscopic companions of E-l-A galaxies are 
k nown before. For example, a c ompanion galaxy of an E-l-A galaxy 
in lYagi, Goto, & Hattoril ( [2OO6I) was a passive galaxy. More spec- 
troscopic follow-up of E-l-A companion galaxies is needed to reveal 
what kind of galaxy merger can produce an E-l-A galaxy. 

4.3 SDSSJ233712.76-105800.3 

In the panel (b) of Figure |4] we show the images of J2337 using 
all the light (4200-5200A) through the IFS. Unfortunately, the tidal 
tail of the J2337 is out of the 15"-field-of-view of the Kyoto3DII, 
but the basic structures of galaxies were recovered even using the 
light through the IFS. In the panels (c) and (d), we show the image 
using the H(5 wavelength (4087-41 19A) and the ratio of H5 to the 
continuum as in Figs. [T] and |2] As noticed before, H5 absorption 
is centrally-concentrated, but spatially-extended beyond the galaxy 
core. Although marginally significant, we note that in the panel (d), 
H5 absorption may be shifted by a few lenslets toward the upper- 
right (or south) direction. We discuss possible interpretation of this 
in Section|5] 

In the panel (e) of Figure|4] we show the spectra of the central 
1.5 lenslet radius region, and annuli of 1.5-3, 3-4.5, 4.5-6 lenslets 
regions of J2337 from top to the bottom. The spectra are shifted 
to the rest-frame and smoothed using a 5-pixel box. The spectrum 
from the outermost annulus (4.5-6 lenslets of radius) is approaching 
to zero and not reliable. In the panel (e), it is noted that H(5 and H7 
absorptions become deeper with decreasing distance to the centre 
of the galaxy. We have measured H5 and H7 EW in these spectra 
in the panel (f) of Figure|4] The H5 EWs are plotted with diamonds 
and the H7 EWs are with triangles. H(5 EW is the strongest at the 
centre with ~10A, and remains strong as far as ~2 kpc away. H7 
EWs are not so strong as H(5, but show a similar trend. These results 
are similar to the previous two galaxies, i.e., strong and H7 
absorption is observed in the core of the galaxy, and both of the 
lines stay strong as far as a few kpc from the centre of the galaxy. 
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Figure 1. Figures for J2I02: (a) g, r, i-composite image taken from tlie SDSS website. The kyoto-3DII field-of-view is overlaid. (b) Observed IFS image using 
the light in all the wavelengths (4200-5200A). Overplotted circles are with the radii of 1.5,3,4.5 and 6 lenslet. The orientation of the figure is indicated with 
the arrow, (c) IFS image using the light in H<5 wavelength. The effective data area is lager than that in the panel (b) because of the smaller wavelength range 
used, (d) H<5-to-continuum ratio. The scale and orientation are common among panels (b), (c), and (d). (e) Spectra of the central 1.5 lenslet radius region, and 
annuli of 1.5-3, 3-4.5, 4.5-6 lenslet regions of J2102 from top to the bottom. The spectra are shifted to the rest-frame and smoothed using a 5-pixel box. (f) US 
(diamonds) and H7 (triangles) EWs are plotted against the distance to the galaxy centre. 

We would like to mention a possibly interesting different ra- behaver can also be seen for J2102 in the panel (f) of Fig.0 We 
dial trend of HS and H7 in the panel (f); H5 EW is the strongest at will discuss possible interpretation in Appendix Icl 
the innermost bin, and declines immediately at the 2nd bin to stay 
flat at the 3rd bin. On the other hand, H7 EW in the 2nd bin is as 
large as in the 1st bin, and suddenly declines at the 3rd bin. These 
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Figure 2. Figures for J1656: (a) g, r, i-composite image taken from the SDSS website. Tlie kyoto-SDII field-of-view is overlaid, (b) Image using the light in 
all the wavelengths (4200-5200A). Overplotted circles are with the radii of 1.5,3, and 4.5 lenslet. The orientation of the figure is indicated with the arrow, (c) 
Image using the light in H<5 wavelength. The scale and orientation are common among panels (b), (c), and (d). The effective data area is lager than that in the 
panel (b) because of the smaller wavelength range used, (d) H<5-to-continuum ratio, (e) Spectra of the central 1.5 lenslet radius region, and annuli of 1.5-3, 
3-4.5 lenslets regions of the lower-right galaxy from top to the bottom. The spectra are shifted to the rest-frame and smoothed using a 5-pixel box. (f) US 
(diamonds) and H7 (triangles) EWs are plotted against the distance to the galaxy centre. 



5 DISCUSSION 

One of the main purposes of this paper is to shed light on the ori- 
gin of the E-l-A galaxies based on the internal properties of E-l-A 
galaxies obtained with the Kyoto3DII IFS. Previous work on E-l-A 
galaxies was noticeably focused on the global/external properties of 



the E-l-A galaxies such as integrated spectra jPoggianti et al.|[l"999h 
and environment(Goto 2005b), and thus, it is important to obtain 
independent evidence on the origin based on the internal structure. 

We have observed three E-l-A galaxies with the Kyoto3DII 
IFS, with the main results shared among these three galaxies; 
B aimer absorption, especially H5 absorption, was strongest at the 
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Figure 3. Figures for the upper-left galaxy of J1656: (a)Image using the light in H7 wavelength. Overplotted circles are with the radii of 1.5,3,4.5 and 6 lenslet. 
(b) H7-to-continuum ratio, (c) Spectra of the central 1.5 lenslet radius region, and annuli of 1.5-3, 3-4.5 lenslet regions of the upper-left galaxy from top to the 
bottom. The spectra are shifted to the rest-frame and smoothed using a 5-pixel box. (f) H(5 (diamonds) and H7 (triangles) EWs are plotted against the distance 
to the centre of the upper-left galaxy. 



centre/core but significantly-extended in a few kpc scale in all the 
three galaxies, suggesting that the post-starburst phenomena are 
centred on the galaxy core, but not limited to the core. These re- 
sults have an important physical implication on the origin of E-l-A 

galaxies. 

,Pracv et al. has run numerical simulations of the galaxy 

merger model and the truncation model (e.g., the tidal strip- 
ping or the ram-pressure stripping mod el) to predict rad i al pro - 
files of the Hi5 EW in the fram e work of iBekki & Shioval ([l998h : 
iBekki. Shiova, & CouchI j200lh ; lBekki, Couch, & Shiovd ( l2002l) . 

• In their galaxy-galaxy merger simulation, a centralized burst 
of star formation is produced, when the starburst ends the galaxy 
is left with a central population of young stars and hence a radial 
distribution of H(5 EW which is highest in the centre and decreases 
rapidly with galactocentric radius. After ~1.5 gigayears, the radial 
H5 profile evolves to be flat and uniformly low across the entire 
extent of the galaxy. This result is a natural consequence of re- 
cent major-merger computer simulations, in which during galaxy- 
galaxy collisions, the gas readily loses angular momentum due to 
dynamical friction, decou ples from the stars, and inflows rapidly 
toward the merger nuclei |Bames|[T993 ; iBames & Hernguis^l 19921 
1 199dlMihos & Hemauist|[l994l 1996h , creating a central starburst, 
which could evo lve into E-l-A phase if the truncation of the starburst 
is rapid enough l lGotoll2004l) . 



• Their truncation model assumes a situation like a ram-pressure 
stripping model or a tidal stripping model, in which the star- 
formation is simultaneously and uniformly truncated throughout 
the entire disc. Immediately after the truncation of star formation, 
the galaxy has a flat, uniformly high H5 EW profile. As the system 
evolves, the contribution from the old stellar-population becomes 
most prominent at the centre of the galaxy; this results in the H(5 
EWs decreasing most rapidly in the central region of the galaxy. 

A stark contrast between these two models makes the H<5 pro- 
file a powerful tool to investigate the physical origin of E-l-A galax- 
ies. In the panel (d) of Figures I 1 12l andl4l we observed that a strong 
H(5 absorption is centred around the galaxy core in all the three 
cases. Although the relative strength of the H5 absorption depends 
on the strength of the starburst and the time since then, the ob- 
served trend is qualitatively consistent with the prediction from the 
galaxy-galaxy merger simulation. This results are unique in that it 
is obtained using only the internal structures of E-l- A galaxies. 

Previous attempts also support our results: ICaldwell et al.l 

( 1 19961) obtained long-slit spectra of E-l-A galaxies in the Coma clus- 
ter and showed that starburst signatures are p rominent in the cen- 
tral core and are spatially extended. Similarlv, lNorton et alj bOOlh 
found that the young stellar populations are more centrally concen- 
trated than the older populations, but th ey are not confined t o the 
galaxy core (radius <I kpc). Recently, lYagi & Goto! ( I2OO6I) per- 
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Figure 4. Figures for J2337: (a) g, r, i-composite image of J2337 taken from the SDSS website. Tlie kyoto-3DII field-of-view is overlaid, (b) Observed image 
of J2337 using the Hght in all the wavelengths (4200-5200A). Overplotted circles are with the radii of 1.5,3,4.5 and 6 lenslet. The oiientation of the figure 
is indicated with the arrow, (c) Image of J2337 using the Ught in H(5 wavelength. The scale and orientation are common among panels (b). (c), and (d). The 
effective data area is lager than that in the panel (b) because of the smaller wavelength range used, (d) H5-to-continuum ratio, (e) Spectra of the central 1.5 
lenslet radius region, and annuli of 1.5-3, 3-4.5, 4.5-6 lenslet regions from top to the bottom. The spectra are shifted to the rest-frame and smoothed using a 
5-pixel box. (f) H(5 (diamonds) and H7 (triangles) EWs are plotted against the distance to the galaxy centre. 



formed spatially-resolved spectroscopy of three E-l-A galaxies us- 
ing the AP03.5m telescope. They found that H(5 EWs were the 
largest at the galaxy centre although the strong H(5 was signifi- 
cantly extended toward outs ide of the galaxies (> 4kpc). Later, 
lYagi. Goto. & Hattoril ( |2003) observed a nearby E-fA galaxy with 



a red companion galaxy at the same redshift (z=0.033) with the FO- 
CAS long-slit spectrograph on the Subaru telescope. The spatially- 
resolved spectra showed that the H5 EWs were also s tronge st at 
the centre, but extended over ~5kpc. ISwinbanketaD ( l2005h ob- 
served a H5-strong galaxy with a weak [Oil] emission from the 
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lGotoetalJ ( l2003d) catalogue, and found that A stars are widely dis- 
tributed across the system and are not centrally concentrated. Note, 
however, that this galaxy had a weak emission in [Oil] (4.1 A), 
and thus, cannot be call ed as an E-l-A galaxy in our definition. 
lYamauchi & Goto! ( l2005b found that a significant number of E-l-A 
galaxies exhibit positive slope of radial colour gradient (bluer gra- 
dient toward the centre), being consistent with the hypothesis that 
E-l-A galaxies are caused by merger/interaction, having undergone 
a centralized violent starburst. 

All these work seems to be still affected by random noises 
possibly coming from sample selections, and possibly from the er- 
rors in the measurement. However, majority of work including this 
work seem to be conversing to a certain direction, i.e., the post- 
starburst phenomena is centrally-concentrated in most cases, and 
significantly extended to a few kpc, being consistent with a the- 
oretical prediction for merger/interaction remnant. These results 
are unique in that without using information on the global/external 
properties of E-l-A galaxies, but yet reached a sim i lar con clusion 
on the origin of E-l-A galaxies. For example, ^ Gotd l l2005bh found 
an excess in the number of companion galaxies of E-l-A galaxies, 
concluding that it is an evidence of the merger-interaction. Many 
authors reported disturbed morp hologies of E-l-A galaxies point 
to the merger/in t eraction orisin dOegerle. Hill. & Hoessell 1 199 ll : 
iBlake et aljiooj i lLiu et al.ll2006h . 

E-l-A galaxies have often been thought to be altered by the 
ram-pressure stripping in galaxy cluste r environment, as repre- 
sente d by the Butc her Oemler e ffect (e.g., lButcher & Oemleill973 : 
[Goto etal.. 20033 : lGotdl2003h . However, our results suggest that 
the ram-pres sure stripping may not be the cause. Passive spi- 
ral g alaxies fcouch et al.' 1998^: 'Poggian ti et al.|[l999l : iGoto et al] 
l2003b : ^amauchi & Goto 2004) may be an alternative victim of 
the ram-pressure stripping in galaxy cluster environments. 

Regarding the work th at found a flat, not centrally- 
conce ntrated H(5 radial profile jPracv et al]|2005l ; ISwinbank et al.l 
l2005l) . these imply that there might be multiple physical mecha- 
nisms to create an E-l-A ga laxy (e.g., the ram -pressure stripping). 
Especially, E-l-A galaxies in lPracv et alj ( l2005b are in high-redshift 
galaxy cluster, and thus, there is a significant environmental differ- 
ence from our sample of field E-l-A galaxies. Note that, however, 
these samples often lacked information on [Oil] or Ha emission 
line, stressing importance in careful sample selection requiring no 
emission in both [Oil] and Ha. Another possible reason is the lumi- 
nosity difference. In the last column of the Table[T] we list absolute 
magnitudes of our target galaxies in r-band. The k-correction is ap- 
plied using lBlantonetalT ( l2003al . v_3 .2). The absolute magnitudes 
range from —21.7 to —23.0, which are brighter than the M*(=-21.2 
in our cosmology) of local galaxies ( Blanton et al. 2003b). The rea- 
son why our target galaxies are luminous is partly because of our 
selection of apparently brighter galaxies and partly because of the 
flux-limited nature of the SDSS survey. However, it is also possi- 
ble that nearby E-l-A galaxies may be intrinsically luminous. It is 
important to investigate the luminosity/mass distribution of local 
E-l-A galaxies, and such a st udy is under progress (Inami et al. in 
preparation ). The galaxv in ISwinbank et al.l l l2005l) is taken from 
our sample( lGotoetal.ll2003cl ; lGotdl2007lj). and has an ab solute 
magnitude of Mr=-22.32. The galaxies in lPracv et al.l l l2005h have 
18.4< R <20.3 at 2 = 0.32. Therefore, the expected absolute 
magnitudes range is -21.4< Mr <-20.5 (the colour conversion in 
iFukugita. Shimasaku. & Ichikawal h995h was used), and thus they 
are significantly less limiinous galaxies, which may be more vul- 
nerable to the gas stripping in the cluster environment due to their 



smaller gravitational potential. An IPS observation of less luminous 
nearby E-l-A galaxies would shed more light on the subject. 

In panels (d) of Figs l 1121 and l4l we showed the ratio of HJ- 
to-continuum in the 2D images. Interestingly, panels (d) of Figs. [T] 
and|4|show a possible shift of HcS absorption toward south-west (al- 
though it is centrally-concentrated when radially averaged); In the 
panels (d) of Fig.|4| the darkest region inside a ring-like structure at 
the centre of the galaxy is slightly shifted toward the south-west di- 
rection. No shift is observed in the panel (d) of Figure|2|for J1656. 
Curiously, the directions of the shifts observed for J2102 and J2337 
coincide with those of the tidal tails seen in the panels (a). In the 
panel (a) of Fig. [Tj there is a possible tidal tail extended toward 
south-west direction. In case of the panel (a) of Fig.|4| there exists 
an obvious tidal tail from the north-east to south-west. The coinci- 
dence of these post- starburst regions with the direction of the tidal 
tails suggests that the dynamical merger/interaction might have 
played an important role in forming the post-starburst regions in 
these galaxies. Although details of the coincidence need to be ver- 
ified with the numerical simulations, this demonstrates the power 
of the Kyoto-3DII in investigating the 2D structure of the post- 
starburst regions. 

We have to be careful on possible selection effect; our E-l-A se- 
lection is based on the SDSS fiber spectrograph which has a diam- 
eter of three arcsec, i.e., by default, our E-l-A galaxies have strong 
H(5 absorption at the centre of the galaxy. Therefore, we do not 
find a galaxy with a poststarburst ring, or with a post-starburst re- 
gion only at the edge of a spiral arm in our sample. This bias is 
especially strong for nearby galaxies at 2: < 0.05. Fortunately in 
this work, due to the wavelength coverage of the instrument, the 
observed galaxies have a larger redshift of 0.078,0.093 and 0.100, 
and t hus, are relatively immune from this aperture bias (see Fig. 5 
of Goto et alJl2003d ; lGotdl2007b) . In addition, immediately after 
the truncation in the stripping model, the simulation predicts a flat 
H(5 profile, which can be very well found in our sample. No finding 
of such E-l-A galaxies in our sample still carry valuable information 
on the origin of E-l-A galaxies. 



6 CONCLUSIONS 

We have observed three nearby E-l-A galaxies with the Kyoto3DII 
IPS. The spatially-resolved spectra show that the strong Balmer ab- 
sorption characteristic to E-l-A galaxies is concentrated around the 
galaxy centre, but is spatially-extended to a few kpc scale. These 
results support a scenario where the infalling gas caused by galaxy- 
galaxy merging may create the post-starburst phase in the cen- 
tre of the galaxy. We have found that the extensions of the post- 
starburst regions coincide with the direction of the tidal tails for 
J2102 and J2337, possibly supporting the merger/interaction sce- 
nario. We have confirmed that a nearby object to J 1656 was at the 
same redshift, and thus is physically-associated. However interest- 
ingly, this nearby companion is a star-forming galaxy, and not an 
E-l-A galaxy. This implies that the galaxy-galaxy merging may cre- 
ate E-l-A galaxies at a certain condition, but not all merging galaxies 
will evolve into an E-l-A galaxy. We have found that the H(5 and H7 
absorption lines show different radial trends, which were difficult 
to be interpreted with the age/metallicity mixture. 
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Figure Al. An example of estimation of distribution of ao/bo, wliere 
a=0.5, b=1.0, and aa=cri,=l. The dot represents the median and the error 
bar represents the upper and the lower 15% percentile. 
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Figure Bl. Spectra of a standard star, BD+28421 1, in the central 1.5 lenslet 
radius region, and in the annuli of 1.5-3, 3-4.5, 4.5-6 lenslets regions from 
top to the bottom. The spectra are smoothed using a 5-pixel box. 



Formalizing the problem, we assume that the a and b follow 
the normal distribution with variance a? and ai. The variance of 



each distribution is estimated, assuming that the primary source of 
the variation are the sky noise and readout noise. 
The prior distribution of ao , bo are estimated as 
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The prior distribution of ratio, r = ao/feo, is then calculated as. 
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The distribution is not the normal distribution. We therefore 
adopted median as the typical value of the distribution and take the 
upper and the lower 15% percentile as the error of the estimation. 

An example of the distribution is shown in Figure Al. When 
a=0.5, 6=1.0, and Oa=Ob=l, the estimated ratio is 0.7^^]^%. It 
should be noted that simple division, a/b = 0.5 is not the best 
estimation for ao / bo . 



dx I dr 



APPENDIX A: DIVISION OF TWO LOW 
SIGNAL-TO-NOISE RATIO IMAGES 

In the panel (c) of Figures [TPl we have shown the ratio of the H5 
iamge to the continuum image. However, a straight division of two 
images does not return a correct ratio since both images have large 
uncertainty. In this section, we explain the details of the method we 
used to derive the ratio. 

We estimate H5 -to-continuum ratio in low S/N region as fol- 
lows. We call H(5 (or H7 ) image as A, and continuum image as 
B, and estimate A/B. The observed value of image A and B at a 
certain pixel (a and b, hereafter) follow some distribution whose 
typical values are ao and bo - The problem is how to estimate ao/bo 
from a, b and other information. 



APPENDIX B: A SYSTEMATIC TEST: AN EQUIVALENT 
WIDTH PROFILE OF A STANDARD STAR 

In Section|4l we showed that H5/H7 EW were larger at the centre 
of E+A galaxies, but extended to a few kpc scale. However, it is 
important to check if this result is not caused by any systematic 
effect. In this section, we perform the same analysis as Section |4] 
on a standard star, BD-l-284211, which we observed right before 
the galaxy J2102. The observed position of the standard star is very 
close to that of J2101 (within a few lenslets), and therefore, the star 
allows us to check any position-dependent systematic effect on the 
lenslet if any. 

In Figure IbTI we show spectra of BD-l-284211 in the central 
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Figure B2. H7 EWs (triangles) are plotted against the distance (in the unit 
of lenslet) from the centre of the star. 



1.5 lenslet radius region, and in the annuli of 1.5-3, 3-4.5, 4.5-6 
lenslet regions from top to the bottom in exactly the same way as in 
Figs lll2l andl4l The spectra are smoothed using a 5-pixel box. H/3, 
H7, and Hell (4542, 4686A) lines are marked. 

In Figure lB2l we show the H7 EW of each spectrum as a func- 
tion of radius (from the centre of the star). HJ line of the star is 
not covered with our grism/filter. The figure shows that the H7 
EW does not depend on the position of the lenslet, and stays at 
~3.3A. This test demonstrates that the radial trends we observed 
in Figs. 1 1 12I and l4l are not caused by any position-dependent sys- 
tematic effect of the lenslet. 



APPENDIX C: POSSIBLE DIFFERENT RADIAL 
CHANGE OF m AND H7 EQUIVALENT WIDTHS 

We would like to mention an interesting radial change of H5/H7 
EWs; In the panel (d)s of Figs. [T] and |4l H(5 EW is highest at 
the 1st (innermost) bin, and then declines immediately at the 2nd 
bin to stay flat towards the 3rd bin (2-3 kpc). On the other hand, 
H7 line keeps large EWs at the 1st and 2nd bins, and then sud- 
denly declines at the 3rd bin. Although we do not include J 1656 
in this discussion due to the larger errors, the feature is com- 
mon to two galaxies (J2102 and J2337), and thus, may originate 
from the nature of E-l-A galaxies. YIS and H7 EWs have been 
known to decrease at a similar rate with inc reasing age (e.g., 
iGonzalez Delgado. Leitherer^ &Heckmanlll999h . Therefore, it is 
interesting that the observational data show the different decline 
rates for H5 and H7 EWs as a function of galaxy radius. 

To interpret this trend, we plot H(5 vs H7 EWs for J2102, 
J1656, and J2337 with filled dots, squares, and triangles, respec- 
tively in Figur jCT] Because the errors are larger than radial trends, 
we do not include JI656 in the following discussion. Overplot- 
ted lines are '^Bruzual &. Chariot ( 2003) models with the age of 
100-2000 Myrs. The solid (black), dotted (blue) and dot-dashed 
(cyan) lines are for instantaneous burst models with metallicity of 
Z=0.2(solar),0.5 and 0.08, respectively. The Salpeter initial mass 
function was assumed. These three models are almost on the same 
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Figure CI. H7 EW is plotted against H(5 EW for iimer three data points 
of J2102 (filled circles), J1656 (squares) and J2337 (triangles). The solid 
(black) and dotted (blue ) and dot-dashed (cyan) lines are SED models 
iBruzual & CharlojEool with an instantaneous burst with Z=0.2.0.5 and 
0.08, respectively. The long-dashed (green) and dashed (pink) lines show 
mixture models where 5 or 50% mass of instantaneous burst population is 
added on the lOGyr-old stellar population. Open circles on the models show 
age of 250, 500 and 1000 Myrs, where the lines connect ages from 100 Myr 
to > 2Gyrs. 



line (roughly speaking, H7=1.2xH(5— 4.3) and show that metal- 
licity does not affect the H(5/H7 relation significantly. The long- 
dashed (green) and dashed (pink) lines show hybrid models where 
5 or 50% mass of instantaneous burst population is added on the 
lOGyr-old stellar population. Open circles on the models show ages 
of 250, 500 and 1000 Myr. The 5% burst model show a little de- 
viation from the other models due to the presence of the old stel- 
lar population. However, the deviation is only by lA, which is not 
significant enough to explain the observed change of the WSm-y 
relation (by > 2A). 

In summary, the observed trend in the H5/H7 relation is dif- 
ficult to be reproduced in the current framework of the SED mod- 
els neither by the metallicity change or by the mixture of stellar 
populations of different age. The only large change in H(5/H7 can 
be brought by the age. But the change is limited on a narrow lo- 
cus along the models (H7=1.2xH<5— 4.3), which do not agree with 
the observed data. To fully understand the observed radial change, 
both more sophisticated SED models and more IFS data with better 
signal-to-noise ratio are required. 
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